We investigated the effects of trinitrobenzene sulfonic acid (TNBS), an amino-group reagent, on the human ether-a-go-go-related gene (HERG) K* channels expressed in Xenopus oocytes. TNBS neutralizes the positively charged amino-groups of peptide N-terminal and lysine residues. External application of TNBS at 10 mM for 5 min irreversibly shifted the curves for currents at the end of the pulse and tail currents of HERG to a more negative potential and decreased the maximal amplitude of the Ira, curve (It~i~ .... ). TNBS had little effect on either the activated current-voltage relationship or the reversal potential of HERG current, indicating that TNBS did not change ion selectivity properties. TNBS shifted the time constant curves of both activation and deactivation of the HERG current to a more hyperpolarized potential; TNBS's effect was greater on channel opening than channel closing. External H § is known to inhibit HERG current by shifting V1/~ to the right and decreasing Ita,t ..... TNBS enhanced the blockade of external H + by exaggerating the effect of H § on It~ĩ ..... not on V1/2. Our data provide evidence for the presence of essential amino-groups that are associated with the normal functioning of the HERG channel and evidence that these groups modify the blocking effect of external H § on the current.
INTRODUCTION
K § channels encoded by the human ether-a-go-gorelated gene (HERG) (Trudeau et al., 1995) play an important role in initiating cardiac repolarization by generating a rapid component of the delayed rectifier cardiac K § current (IK,) (Sanguinetti et al., 1995) . HERG is a major target in both acquired and inherited forms of long QT syndrome (LQT). Mutations in HERG have been shown to cause chromosome 7-1inked inherited LQT (LQT2) (Curran et aL, 1995) , reflected by an increased ventricular action potential duration. Several drugs that (Snyders and Chaudhary, 1996; Suessbrich et al., 1996; Jo et al., 2000; Lee et aL, 2004) . Exploring mechanisms of mutation-or drug-induced HERG channel modulation requires molecular and chemical studies that can give us information on structure and function.
Several studies showed that chemical modifications of the specific group of amino acid residues, such as histidine residue (Spires and Begenisich, 1990) or aminogroups of peptide N-terminal and lysine residue (Cahalan and Pappone, 1983; Spires and Begenisich, 1992a) changed the properties of K § currents of nerve cells. In contrast, modifying the sulfhydryl residue to a stable Sdinitrophenyl derivative had no effect on the K* current (Spires and Begenisich, 1992a) . Modification of histidine residue on the external surface of delayed rectifier K + channel by diethylpyrocarbonate slowed channel opening in squid giant axon (Spires and Begenisich, 1990) . Neutralization of positively charged peptide terminal amino and e-amino-groups of lysine residues of K + channel by trinitrobenzene sulfonic acid (TNBS) altered the size of ionic current and the kinetics of activation or deactivation (Cahalan and Pappone, 1983; Spires and Begenisich, 1992a) . The groups also have shown to be involved in divalent cation such as Zn 2+ binding to neuronal K § channel (Spires and Begenisich, 1992b) .
In spite of the aforementioned investigations about the role of specific amino acids or reacting groups in regulation of K § channel, little is known about the effects of chemical reagents on HERG K § current and human cardiac IKr. As the primary structures for HERG channel has been determined (Warmke and Ganetzky, 1994), functional modification approach by specific reagents, together with available model of protein folding in the membrane, may become increasingly useful to map the location of groups relevant to channel function. In the present study, we have investigated the effects of TNBS, which neutralizes the positively charged amino-group of lysine residues on the outer membrane surface of HERG, on the properties of HERG channel expressed in Xenopus oocytes. Also, we examined the effect of TNBS on HERG current alteration by external pH (pHo) to test the possible involvement of the residues in external H +-induced channel blockade.
MATERIALS AND METHODS

Expression of HERG in oocytes
Complementary RNA of HERG was synthesized by in vitro transcription from 1 mg of linearized cDNA using T7 message machine kits (Ambion, Austin, TX, U.S.A.) and stored in 10 mM Tris-HCI (pH 7.4) at -80~ Stage V-VI oocytes were surgically removed from female Xenopus laevis (Nasco, Modesto, CA, U.S.A.) anaesthetized with 0.17% tricane methanesulphonate (Sigma). Theca and follicle layers were manually removed from the oocytes by using fine forceps. Oocytes were then injected with 40 nl of cRNA (0.1-0.5 mg.mL-1). After injection, oocytes were maintained in modified Barth's solution containing (mM): 88 NaCI, 1 KCI, 0.4 CaCI2, 0.33 Ca(NQ)2, 1 MgSO4, 2.4 NaHCQ, 10 HEPES (pH 7.4), supplemented with 50 mg. mL -1 gentamicin sulphonate. Currents were studied 2-7 days after injection.
Solutions and voltage clamp recording from oocytes
Normal Ringer solution contained (raM): 96 NaCI, 2 KCI, 1.8 CaCI2, 1 MgCI2, 10 HEPES (pH adjusted to 7.4 with NaOH). We used an amino-group reagent, TNBS, to neutralize the peptide terminal amino-group and the eamino-group of lysine groups. Because TNBS react with the neutral form of amino-groups, TNBS treatments were done with solutions of elevated pH 9.0 buffered with 10 mM CHES (2-[N-cycIohexylamino]ethane-sulfonic acid) (Means and Feeny, 1971; Cahalan and Pappone, 1983; Spires and Begenisich, 1992a; Spires and Begenisich, 1992b) . Solution of TNBS was made up directly in the external solutions, shortly before the experiment. Solutions were applied to the oocyte by continuous perfusion of the chamber and solution exchanges were completed within 3 min. All the effects of TNBS were irreversible (our observations showed that the effects of TNBS on HERG current were not reversible even after 1.5 h-washout) due to the covalent conversion of amino-groups to a neutral trinitrobenzene derivative (Means and Feeny, 1971) . Also, solutions of pH 9.0 (10 mM CHES) in the absence of TNBS produced no irreversible effects; the average changes of the potential required for half-maximal activation (V1/2) and the maximal amplitude of tail currents (Ita,) curve were 1.8 + 1.2 mV (P > 0.05, n = 3) and 2.7 + 1.5% (P > 0.05, n = 4), respectively, after 5 -10 min exposure to solutions of pH 9.0. Therefore, we examined the effects of TNBS by recording HERG current before the reagent treatment, during treatment with TNBS for 5 min, and 10 min after washout with normal Ringer solution. Experimental solutions of different pH values (pH 6.2 and 8.0) were made using HEPES-buffered solutions titrated with NaOH and decreasing the concentration of CaCI2 (0.5 mM). Currents were recorded at room temperature (21-23~ with a twomicroelectrode voltage clamp amplifier (Warner Instruments, Hamden, CT, U.S.A.). Electrodes were filled with 3 M KCI and had a resistance of 2-4 MW for voltage-recording electrodes and 0.6-1 MW for current-passing electrodes. Stimulation and data acquisition were controlled with Digidata and pCLAMP software (Axon Instruments). All chemicals were purchased from Sigma (St. Louis, MO).
Analysis
All quantitative data are expressed as mean values + S.E.M. The results were analyzed using ANOVA. Differences were considered significant when values were P < 0.05.
RESULTS
Effects of TNBS on the HERG current were studied using Xenopus oocyte expression system. Throughout the experiments, holding potential was adjusted -70 mV and the repolarization potential was held constant at -60 mV for Ira,. Fig. 1A shows an example of voltage-clamp recording from the Xenopus oocyte cell with the representative current traces from a cell in control and after exposure to 10 mM TNBS. The amplitude of outward currents measured at the end of the depolarizing pulse
